An experimental study that investigates the behavior of stone slabs strengthened in fixure with near surface mounted (NSM) technique using screw-thread steels and carbon fiber-reinforced polymer (CFRP) bars is presented. A total of ten full-scale stone slabs were tested under a four-point bending loading to investigate the effect of groove dimension, reinforcement ratios, and reinforcement materials on the flexural performance of stone slabs. e test results included failure characteristics, yield and ultimate capacities, deflection of midspan, and cracking behavior of stone slabs. e test results indicate that with the increase of groove height and groove width, cracking load and middeflection decrease by 6.4%-14.18%; however, failure load and middeflection increase by 4.7%-41.2%. Cracking load, failure load, and failure displacement of stone slabs adopting NSM screwthread steels increased by 10.9%, 167%, and 617%, respectively, under the maximum reinforcement ratios of 0.629% over the control slab without NSM bars. Meanwhile, with the increase of reinforcement ratios, the failure mode transforms from brittle failure to ductile failure. e calculation results of strength are in agreement with the experimental results. Finally, it can be concluded that NSM CFRP bars are more effective than NSM screw-thread steels to improve flexural capacity with the same reinforcement ratios.
Introduction
e near surface mounted (NSM) bar strengthening technique involves bonding bars into grooves cut into the concrete cover of a structural member to be strengthened. e technique offers many advantages over external bonding of bar reinforcement, for instance, increased bond capacity, due to a larger bonded surface area, and protection from external damage due to external impacts, since the bar is embedded within the concrete cover. Near surface mounted (NSM) screw-thread steels and CFRP bars are now emerging as a promising technique widely used for increasing flexural and shear strength of deficient RC members [1, 2] and were extended to unreinforced masonry (URM) walls [3] , timber beams [4] , and glulam bamboo beams [5] for increasing shear and flexural capacity. e aforementioned research is aimed at the components; for the structures, reinforced concrete frames strengthened with NSM bars were investigated and pointed out that reinforced concrete frames strengthened with NSM bars have a higher ultimate strength. [6] .
Meanwhile, the first practical use of NSM screw-thread steels for the strengthening of RC structures dates back to the early 1950s [7] , and applications of NSM stainless steel bars for the strengthening of masonry arch bridges have also been presented [8] . Bonding mechanisms and pullout test between concrete structures and NSM FRP were investigated in detail [9] [10] [11] ; cyclic loading response of RC beams strengthened in shear with GFRP rods using NSM technique was investigated, and an effective finite element method to model the cyclic response of RC beams was developed [12] . Meanwhile, the NSM method was combined with externally bonded reinforcement [13] ; a new proposal of T shape CFRP profile [14] was provided; and ductile strengthening using externally bonded and near surface mounted composite systems was evaluated [15] . Nonlinear finite element modeling of RC beams strengthened with NSM FRP rods [16] was developed to predict the response of RC beams. A comprehensive review of existing research was provided [17] [18] [19] in NSM FRP reinforcement NSM prestressed reinforcement and design method [20] .
Like concrete, masonry, or other members as quasibrittle material, however, the NSM approach with steels and CFRP bars has rarely been applied to brittle members like granite stone slabs to investigate the flexural behavior. So, it is necessary to study flexural behavior of stone slabs adopting NSM steels and FRP bars and compare their disadvantages and advantages.
Granite stone slabs as building floors are commonly used in Europe and in southeast coastal rural buildings of China ( Figure 1 ). Its excellent performance includes local material, high compressive strength, corrosion resistance, weather ability, and resisting typhoon loading. However, granite stone slabs as a brittle material are easily brittle fracture in shock and vibration, especially in earthquake action; thus, both flexural capacity and ductility are very poor and very easy to cause casualties and property loss. Obviously, flexural capacity of granite stone slabs is primarily controlled by section dimensions and natural defects of stone material. In many countries, building structural seismic design standards [21] and codes [22] prohibits using pure granite stone slabs as bearing members. For improving flexural capacity and ductility of granite stone slabs, NSM screw-thread steels and CFRP bars by grooving on the tension face of stone slabs were adopted to improve flexural capacity.
e main reason of adopting screw-thread steels and CFRP bars is that screw-thread steel bars and CFRP bars can increase bonding area and bonding force to avoid slipping failure and bonding failure. Meanwhile, screw-thread steels and CFRP bars had sufficient embedment length embedded into the stone slab in order to fully utilize their tensile strength.
In this paper, stone slabs strengthened with NSM composite technique and their flexural performance were investigated by making the stone slab subject to a fourpoint bending loading. A total of ten full-scale stone slabs (one control slab, six slabs strengthened with NSM screwthread steels, and three slabs strengthened with CFRP bars) were tested. e study parameters include grooving dimension, reinforcement ratios, and reinforcement materials. Load, deflection, and strain data were analyzed to understand cracking behavior and failure mode of stone slabs. e test results showed that the NSM screw-thread steels and CFRP bars significantly improved the flexural capacity.
Materials and Methods
In this section, detailed material information was presented including stone material, high-strength epoxy resin, screwthread steels, and CFRP bars. e kind of stone material is quanzhou white granite.
Material Properties

Uniaxial Compressive Strength of Granite Stone Cubic
Block. Six specimens in total which are 70 mm × 70 mm granite cubic blocks are tested in the 2000 kN hydraulic testing machine according to the code for design of masonry structures [23] . e failure mode is shown in Figure 2 . e results are shown in Table 1 . e values of uniaxial compressive strength had a certain discretization. e maximum discretization was 39.7%.
Tensile Splitting Strength of Granite Stone Cylinders.
A minimum of three cylinders were tested to measure the splitting strength of stone materials [22] . e average value of all samples was adopted. Six specimens in total in which diameter and height were all 50 mm were tested in the 300 kN hydraulic testing machine according to British Standards Institute [24] .
e failure mode is shown in Figure 3 . e results are shown in Table 2 . e values of tensile splitting strength had a certain discretization. e maximum discretization was 22.4%.
Stress-Strain Curve for Granite Stone Cylinder.
Six granite stone cylinders with a dimension of 50 mm diameter and 100 mm height were tested in the 2000 kN hydraulic testing machine to obtain the stress-strain curve. e axial direction and transverse direction in the middle of specimen side surface glued separately the electric-resistance strain gauge whose gauge length was 100 mm to measure axial strain and transverse strain by 1000 kN force sensor. Test results clarified that only four specimens' data were effective, and the other two specimens were ineffective. e stressstrain curves for the four specimens are displayed in Figure 4 and failure mode is shown in Figure 5 .
e modulus of elasticity and Poisson's ratio according to ASTM C469 [25] are shown in Table 3 .
All of granite stone cylinders under uniaxial compressive loading followed a linear elastic behavior up to failure ( Figure 4 ) and experienced Poisson's failure ( Figure 5 ). Advances in Materials Science and Engineering 3
Properties of High-Strength Epoxy Resin.
e strength of high-strength epoxy resin was provided by Nanjing Mankate Science & Technology Co., Ltd., as shown in Table 4 .
Properties of Screw-read Steels.
Tensile tests of screw-thread steels were performed to determine their engineering properties. High-strength screw-thread steels' strength grade is HRB400 and diameters are, respectively, 6 mm and 8 mm. Each diameter of screw-thread steels used, respectively, 3 specimens to obtain their properties. e average tensile strength, ultimate strain, and modulus of elasticity were obtained according to ASTM [26] . e results are shown in Table 5 . Meanwhile, the stress-strain curves are shown in Figures 6 and 7. 2.1.6. Properties of CFRP Bars. Tensile tests of CFRP bars were carried out to determine their engineering properties and that the CFRP diameter is 6 mm. e average tensile strength, ultimate strain, and modulus of elasticity were obtained from the test result of six specimens according to ASTM [26] . e results are shown in Table 6 .
Experimental Program
Specimen Design.
e dimensions and reinforcement details of stone slabs are presented in Figure 8 and Table 7 .
e cross-sectional dimensions of stone slabs were 400 mm × 400 mm, and the length of stone slabs was 3000 mm. e e ective span and shear span lengths of the stone slabs were 2700 mm and 900 mm. e layout of screwthread steels and CFRP bars and location of groove dimensions are shown in Figure 8 .
e study parameters mainly included reinforcement ratios, grooving dimension, and reinforcement materials ( Figure 8 ). According to the design method of RC members with NSM FRPS [27] , the grooving width b c 2D and adhesive protective layer thickness b j 0.5D (D is the diameter of CFRP bars and screw-thread steels). Each of the specimens had a groove cut in the tension face and oriented along the longitudinal axis where screw-thread steels and CFRP bars had to be mounted. e parameters of detailed specimens are presented in Table 7 .
However, the exural performance of stone slabs surely depended on the grain of stone; however, the experimental study including uniaxial compressive strength of granite stone cubic block (Table 1) , tensile splitting strength of granite stone cylinders (Table 2) , and stress-strain relationship (Table 3) indicated that the grain of stone had a little in uence on the mechanical properties, so we assumed that the exural performance was not a ected by the grain of stone. Meanwhile, we conducted the experimental study for the point of macroscopic view, not considering the e ect of microscopic grain of stone, so we only presented the section photo of the stone slab for CB-2, as shown in Figure 8 (j).
Strengthening Procedure.
In this section, a new construction method of stone slabs is described as follows. Firstly, on the tension surface of the stone slab, a groove was cut in the correct location. Secondly, the groove is then lled halfway with high-strength epoxy resins, and the screwthread steels or CFRP bars are placed in the groove and lightly pressed to force the paste to ow around the bars.
irdly, high-strength epoxy resin was lled completely without any space between the bars and the sides of the groove. Finally, the groove was then lled with more highstrength epoxy resin and the surface was leveled. e detailed fabricating owchart is shown in Figure 9 .
Test Device.
e load was generated with a 5000 kN compression testing machine and was transferred to the stone slab by means of a steel beam supported by two rollers, which applied loading along two lines spaced at 900 mm. e stone slabs were tested under four-point bending ( Figure 10 ). e exural performance of stone slab NSM screwthread steels and CFRP bars was investigated.
e main contents included cracking strength, cracking position, When stone slabs satis ed one of the following criteria including crush of stone slab, too large de ection deformation, fracture of screw-thread steels and CFRP bars, and rapidly descending capacity, the stone slabs were considered as failure, terminating the experiment.
An initial low-static load was performed in every stone slab to verify that both the mechanical equipment and electronic equipment were working properly. Figure 11 .
Strain Gauge Layout of Screw-read Steels and CFRP
Bars. Strain gauges were used in the screw-thread steels and CFRP bars to record their strains at di erent levels of loads. Each bar was arranged with three strain gauges which are located in the midspan and loading point of the stone slab. e detailed arrangements are presented in Figure 12 . 
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Strain Gauge Layout of Stone Slab.
ree strain gauges were arranged at the bottom of the slab to measure tensile strain in the tension zone; three strain gauges at the top of the slab to measure compressive strain in the compressive zone; and ve strain gauges along cross section's height in the midspan of the stone slab to measure variation law of strain. e details are shown in Figure 13 .
Results
In Section 2.1.3, as is known, the failure mode of stone material is brittle failure. For the exural stone slab, the stone slab cracks when its tensile stress exceeds the limiting tensile strength of stone materials; the crack formation and propagation in stone slabs depend on the tensile strength; once the stone slab cracks, it fails. Flexural cracks are present in the vertical stone slab surface direction. Crack formation process is similar to concrete members [21] [22] [23] [24] [25] [26] [27] [28] [29] . e following section presents the detailed failure progress and failure mode.
Failure Process and Failure Mode of Granite Stone Slab
Adopting NSM Screw-read Steels and CFRP Bars
Specimen B-1 (Control Slab).
In the process of loading, the exural crack suddenly formed at a load of 24.18 kN with a "bang" noise. e exural crack was regular and perpendicular to the slab surface and located in 100 mm away from the midspan. is indicated that the failure mode of the pure stone slab is brittle failure. e failure mode and crack location of B-1 are given in Figures 14 and 15 .
Specimen GB-1.
e rst vertical crack whose location is 170 mm away from the midspan formed at a load of 30.17 kN (Figure 16 ). is corresponded to an increase in the cracking capacity of 27% over the control slab. Meanwhile, the midspan de ection is 5.05 mm, and the tensile strain of midspan bottom of the slab was 308 με. Average strain of steel bars was 398 με. After cracking, the bearing capacity of the stone slab descended to 13.47 kN. When the crack was stable, loading was continued. When the crack almost fully passed through the cross section, the loading started descending. When the loading descended to 13.29 kN, the stone slab was separated in two parts in the location of the rst vertical crack with a "bang" noise. Eventually failure occurred by splitting the stone slab into two parts, and screw-thread steels were crushed. At this time, the middeection was 12.16 mm, and tensile strain of midspan bottom of the slab was 296 με. e failure mode is shown in Figure 17 . Debonding failure happened between screwthread steels and stone slabs ( Figure 17(c) ). Finally, slip displacements of ve steel bars, respectively, produced a slip of 4 mm, 5 mm, 2 mm, 1 mm, and 8 mm.
Specimen GB-2.
e only di erence between GB-2 and GB-1 is groove height (Table 7 ). e rst vertical crack whose location is 370 mm away from the midspan formed at a load of 28.74 kN ( Figure 18 ). e cracking load was 28.74 kN corresponding to an increase in the cracking capacity of 18.9% over the control slab and a decrease of 6.4% over GB-1. e crack midspan de ection was 4.63 mm corresponding to a decrease in the de ection of 8.3% over GB-1. Tensile strain of midspan bottom of the slab was 440 με corresponding to an increase in the capacity of 42.9% over GB-1. e failure load of the stone slab was 19.59 kN corresponding to an increase in the capacity of 4.7% over GB-1. e failure midspan de ection was 16.72 mm corresponding to an increase in the de ection of 37.5% over GB-1. Tensile strain of midspan bottom of the slab was 310 με corresponding to an increase in the de ection of 4.7% over GB-1. e average tensile strain of the steel bars was 286 με corresponding to an increase of 11.7% over GB-1. At the same time, the stone slab end's side steel bars, respectively, had the slip displacements of 12 mm and 16 mm.
e failure mode of GB-2 is shown in Figure 19 , and the crack location is given in Figure 18 . Debonding failure happened between screw-thread steels and stone slabs ( Figure 19 ).
Specimen GB-3.
e only di erence between GB-3 and GB-1 is groove width (Table 7 ). e cracking load was Advances in Materials Science and Engineering 9
28.15 kN corresponding to an increase in the capacity of 16.4% over the control slab and a decrease of 8.3% over GB-1. e cracking midspan de ection was 4.3 mm corresponding to a decrease in the de ection of 14.8% over GB-1. Tensile strain of midspan bottom of the slab was 373 με corresponding to an increase in the strain of 21.1% over GB-1. e failure load of the stone slab was 15.96 kN corresponding to an increase in the capacity of 20% over GB-1. e failure midspan de ection is 17.17 mm corresponding to an increase in the de ection of 41.2% over GB-1. Tensile strain of failure of midspan bottom of the slab was 227 με corresponding to a decrease in the strain of 23.3% over GB-1. Average tensile strain of steel bars outside the cracks was 238 με corresponding to a decrease in the strain of 7.6% over GB-1. At last, the end of ve steel bars, respectively, produced a slip of about 1 mm, 3 mm, 2 mm, 6 mm, and 1 mm.
e failure mode of GB-3 is shown in Figure 20 , and the crack location is shown in Figure 21 .
Specimen GB-4.
e di erence between GB-4 and GB-1 is groove width and height (Table 7) . GB-4 is also used to compare the e ect of reinforcement ratios with GB-5 and GB-6 in the next section. e cracking load was 33.94 kN corresponding to an increase in the capacity of 40.4% over the control slab B-1 and an increase of 10.5% over GB-1. e cracking midspan de ection was 5.01 mm corresponding to a decrease in the de ection of 0.8% over GB-1. Tensile strain of midspan bottom of the slab was 517 με corresponding to an increase in the strain of 67.9% over GB-1. e failure load of the stone slab was 21.09 kN corresponding to an increase in capacity of 58.7% over GB-1. e failure midspan deection is 24.34 mm corresponding to an increase in the de ection of 100.2% over GB-1. Failure tensile strain of midspan bottom of the slab was 241 με corresponding to a decrease in the capacity of 18.6% over GB-1. Average tensile strain of steel bars outside cracks was 817 με corresponding to an increase in the strain of 219.1% over GB-1. At last, the end of ve steel bars, respectively, produced a slip of 4 mm, 3 mm, 3 mm, 2 mm, and 2 mm. e failure mode of GB-4 is shown in Figure 22 , and the crack location is shown in Figure 23 .
Specimen GB-5.
e di erence between GB-5 and GB-4 is the reinforcement ratio (Table 7 ). e cracking load was 34.76 kN corresponding to an increase in the capacity of 2.4% over GB-4 and 43.8% over B-1. e cracking midspan de ection was 5.39 mm corresponding to an increase in the de ection of 7.6% over GB-4. Tensile strain of midspan bottom of the slab was 459 με corresponding to a decrease in the strain of 11.2% over GB-4. e failure load of the stone slab was 38.74 kN corresponding to an increase in the capacity of 83.7% over GB-4. e failure midspan de ection is 122.5 mm corresponding to an increase in the de ection of 403.3% over GB-4. Tensile strain of midspan bottom of the slab was 363 με corresponding to an increase in the de ection of 50.6% over GB-4. e average tensile strain of steel bars was 1039 με corresponding to a decrease in the strain of 27.2% over GB-4. e end of ve steel bars does not have any slip. e failure mode of GB-5 is shown in Figure  24 , and the crack location is shown in Figure 25 . e failure mode is similar to the reinforcement concrete beams' failure mode in bending with GFRPS [29] or CFRPS [30] . e failure mode is ductile failure.
Specimen GB-6.
e di erence between GB-6 and GB-4 is reinforcement ratios (Table 7 ). e cracking load was 37.65 kN corresponding to an increase in the capacity of 10.9% over GB-4, 8.3% over GB-5, and 55.7% over B-1. e crack midspan de ection was 5.32 mm corresponding to an increase in the de ection of 6.2% over GB-4. Tensile strain of midspan bottom of stone slabs was 616 με corresponding to an increase in the strain of 19.1% over GB-4. e failure load of the stone slab was 56.36 kN corresponding to an increase in the load of 167.2% over GB-4. e failure midspan deection is 174.5 mm corresponding to an increase in the de ection of 616.9% over GB-4. e end of ve steel bars has no slip. GB-6 fracture process is shown in Figure 26 , and the location of crack appearance is shown in Figure 27 . From the crack location, symmetric distribution was presented.
e failure mode is similar to reinforcement concrete beams' failure mode in bending with GFRPS [30] or CFRPS [30] . e failure mode is ductile failure. Advances in Materials Science and Engineeringsection. e rst vertical crack whose location is 96 mm away from the midspan formed at a load of 24.68 kN. At the moment, the midspan de ection is 5.5 mm. Tensile strain of midspan bottom of the slab was 352 με. Average strain of the CFRP rod was 291 με. After cracking, the bearing capacity of the stone slab descended to 4 kN. When the crack was stable, loading was continued.
e crack almost fully passed through the cross section.
en the loading started descending. When the load increased to 12.75 kN, the stone slab was separated into two parts in the location of the rst vertical crack with a "bang" noise. Eventually failure occurred by splitting the stone slab into two parts. At this time, the midde ection was 14.2 mm. Tensile strain of midspan bottom of the slab was 222 με. At last, the end of two CFRP bars, respectively, produced a slip of 3 mm and 4 mm. e failure mode of CB-1 is shown in Figure 28 , and the crack location is shown in Figure 29 .
Specimen CB-2.
e di erence between CB-2 and CB-1 is the reinforcement ratios (Table 7 ). e cracking load was 30.09 kN corresponding to an increase in the capacity of 21.9% over CB-1. e cracking midspan de ection was 5.2 mm corresponding to a decrease in the capacity of 5.4% over GB-4. Tensile strain of midspan bottom of the slab was 344 με corresponding to a decrease in the strain of 2.3% over CB-1. e failure load of the stone slab was 32.85 kN corresponding to an increase in the capacity of 157.6% over CB-1. e midspan de ection of failure is 30.65 mm corresponding to an increase in the capacity of 115.8% over CB-1.
Two of three CFRP rods have slip about, respectively, 5 mm and 3 mm. e failure mode of CB-2 is shown in Figure 30 , and the cracking location is shown in Figure 31 .
Specimen CB-3.
e di erence between CB-3 and CB-1 is the reinforcement ratios (Table 7 ). e cracking load was 28.35 kN corresponding to an increase in the capacity of 14.8% over CB-1 and a decrease of 5.8% over CB-2. e cracking midspan de ection was 5.68 mm corresponding to an increase in the de ection of 3.3% over CB-1 and an increase in the capacity of 9.2% over CB-2. Tensile strain of midspan bottom of the slab was 675 με corresponding to an increase in the strain of 91.8% over CB-1 and an increase in the strain of 96.2% over CB-2. e failure load of the stone slab was 41.18 kN corresponding to an increase in the capacity of 223.5% over CB-1 and an increase in the capacity of 25.4% over CB-2. e failure midspan de ection was 53.5 mm corresponding to an increase in the de ection of 276.8% over CB-1 and an increase in the de ection of 74.6% over CB-2.
e end of four CFRP bars had no slip. e failure mode of CB-3 is shown in Figure 32 , and the crack location is shown in Figure 33 . From the crack location, symmetric distribution was presented. e failure mode of CB-2 is similar to the reinforcement concrete beams' failure mode in bending with GFRPS [28] or CFRPS [29] . (Table  8) showed that the use of NSM screw-thread steels and NSM 
Discussion of Test Results
Load Capacity and Slip Displacement. Test results
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CFRP bars is an effective technique to enhance the crack load and failure load of the stone slab. When grooving height was changed for GB-2, an increase in the failure load of only 2.1% with respect to GB-1 could be obtained. When grooving width was changed for GB-3, an increase in the failure load of only 8.3% with respect to GB-1 could be obtained. When groove width and height were simultaneously increased as GB-4, an increase in the failure load of only 10% with respect to GB-1 could be obtained. Increasing the reinforcement ratios of screw-thread steels (GB-4, GB-5, and GB-6) from 5C6, 5C8, to 7C8, which corresponds to a 40% increase in the reinforcement ratios of screw-thread steels, led to an increase in the failure load of 83.8% and 167.2% over GB-4, respectively. Of the three stone slabs with CFRP bars (CB-1, CB-2, and CB-3), increasing reinforcement ratios of CFRP bars from 2A6, 3A6, to 4A6 corresponds to a 50% and 100% increase in the amount of CFRP bars over CB-1, which led to an increase in the failure load of 157.6 and 223.0% over CB-1, respectively. From the above discussion, it can be concluded that when stone slabs were destroyed in the tension zone and exited work. e capacity was mainly supported by screwthread steels and CFRP bars. So groove size has no decisive influence on the failure load. Instead, it reduced slab's flexural stiffness. Obviously, improving reinforcement ratios is more effective to improve flexural performance than increasing groove size for enhancing the failure load.
ese comparisons seem to indicate that the most efficient way of increasing the failue load of the stone slab is improving reinforcement ratios. e test result is shown in Table 8 .
From Table 8 , comparing GB-1 NSM screw-thread steels with CB-1-3 NSM CFRP bars under the same grooving dimensions, CB-1, CB-2, and CB-3 with the reinforcement ratios, respectively, 0.101%, 0.151%, and 0.202% have the nearly same cracking load with GB-1 with the reinforcement ratio 0.254%, but the former middeflection of cracking increased, respectively, by 8.9%, 9.9%, and 12.4% compared with the latter; after cracking, the failure load of CB-2 and CB-3 increased, respectively, by 71.2% and 114.7%, the middeflection of failure for CB-1, CB-2, and CB-3 increased, respectively, by 16.7%, 152.0%, and 340% compared with GB-1. e main reason was that the tensile strength of CFRP bars was larger than screw-thread steels. We can conclude that the CFRP bars are more effective to resist the flexural loading than the screw-thread steels under the same reinforcement ratios and groove dimensions.
From the failure mode and Table 8 , two failure mechanisms were observed, namely, brittle failure of low reinforcement ratios of screw-thread steels and CFRP bars and ductile failure of high reinforcement ratios.
e slip of screw-thread steels and CFRP bars which were prevented by high-strength adhesive and the slip displacement is shown in Table 9 .
From Table 9 , when the reinforcement ratios (GB-5, GB-6, and GB-6) are high, the screw-thread steels have no slip; when the reinforcement ratios (GB-1-4, CB-1, and CB-2) are low, the slip displacement is relatively obvious. Figure 34 (a), pure stone slab B-1 under monotonic four-point bending load clarified a linear elastic behavior up to failure. e midspan deflection of failure was only 3.89 mm.
Analysis of Midspan Deflection. From
From Figure 34 (b), brittle failure of specimen GB-1-3 was divided into two stages: before cracking and after cracking. Before cracking, deflection was of linear elastic behavior. After cracking, the deflection first decreased and then increased; this corresponded to crack appearance, the stone slab' tension zone exited work, load rapidly descended, and midspan deflection increased very fast. When steel bars attained ultimate tension strain, the curve became descending curve which had a very small slope. It is clear from Figure 34 (b) that increasing groove width or groove height could decrease the middeflection of cracking with the same reinforcement ratios.
From Figure 34 (c), ductile failure of GB-5 and GB-6 was divided into four stages: before cracking, after cracking, multiple cracking stage, and failure stage. Before cracking, deflection was in linear elastic behavior, and the cracking load increased with the increase of reinforcement ratios. After cracking, the loading repeatedly decreased and increased, midspan deflection increased, and curves showed multiple descending stage and increasing stage. is corresponded to the appearance of each crack. When the failure load was attained, steel bars yielded, loading variation was small, and midspan deflection rapidly increased. Finally, loading-deflection changed mildly, almost a horizontal line. It is obvious that increasing reinforcement ratios can remarkably increase the ductility. Figure 34 (d), failure phenomena of CB-1∼3 were similar to GB-1∼4, and the only di erence is that when CFRP bars attained failure of ultimate tension strain, the loading-de ection curve was an increasing straight line with a greater slope. e main reason was that steel bars as an elastic-plastic material have an obvious yield point, but CFRP bars as the linear elastic material have no yield point.
is indicated that the stone slabs adopting NSM CFRP bars have a greater capacity and ductility. e wave shape of the curves corresponds to the appearance of each crack.
Tension Strain of Screw-read Steels and CFRP
Bars. Figure 35 shows the variation of imposing load and the measured strains in tension reinforcement during loading. e location of strain measurement of screw-thread steels' strain and CFRP bars' strain is shown in Figure 12 .
From Figure 35 , before cracking, the variation of the loading strain curve remains almost the same for each specimen; meanwhile, the screw-thread steels and CFRP bars lie in the linear elastic stage. Strain of screw-thread steels and CFRP bars was about 400∼500 which is far lower than the ultimate tensile strain of them. is clari ed that the screw-thread steels and CFRP bars together with the stone slab resisted the exural deformation; the strain of screwthread steels and CFRP bars was not fully utilized. After cracking, the stone slab exited working and the load was borne by screw-thread steels and CFRP bars which located in the crack; meanwhile, the screw-thread steels and CFRP bars outside crack and among crack lied in the elastic stage and the strain decreased with the loading decreasing.
In view of Figure 35 , the contrast among GB-1∼3 showed that the loading-strain curves of the midspan, left loading point, and right loading point before cracking were almost consistent, and increasing height and width of groove cannot obviously improve crack strain and failure strain of steel bars. So, the groove dimension did not in uence the action of steel bar's strain. e contrast among CB-1, CB-3, and GB-4∼6 found that maximum strain of CB-1 and GB-4's screw-thread steels and CFRP bars with low reinforcement ratios was, respectively, 4533 με, 380 με, 328 με, and 10503 με, 6716 με, 350 με. Maximum strain of CB-3, GB-5, and GB-6 with high reinforcement ratios was, respectively, 1236 με, 5937 με, and 1071 με, 23025 με, 7073 με and 13968 με, 16338 με, 14207 με. We can conclude that the reinforcement ratio in uences the action of screw-thread steels and CFRP bars' strain. With increasing of reinforcement ratios, the strength of steel bars and CFRP rod can be fully utilized. 
Advances in Materials Science and Engineering
We must note that GB-1's and GB-2's steel strain was descending after crack; this can be explained that when the tension strain of steel bars attained the maximum value, the debonding failure happened between stone slab and steel bars; and steel bars is no longer loaded and unloaded continuously.
Tension Strain and Compression Strain of Stone Slab.
e load versus stone slab compressive strain at the top of the slabs is presented in Figure 36 . e compressive strains of all the strengthened stone slabs except GB-6 were less than the compressive strain of granite stone materials (Table 3 ). GB-6 had a greater reinforcement ratio than other stone slabs which made the compressive strength of the stone slab utilized fully. Failure strength of GB-5 and GB-6 is greater than the pure stone slab. All the strengthened stone slabs show linear variation in strain up to the stone slab cracking.
Compressive strain of GB-1, GB-2, and GB-3 with the same reinforcement ratios but di erent grooving dimensions was di erent (Figure 36(b) ). During the cracking stage, increasing grooving width (GB-3) and increasing grooving height (GB-2) had a less compressive strain than GB-1. During the failure stage, increasing grooving width (GB-3) and increasing grooving height (GB-2) had a larger compressive strain than GB-1. e main reason was that increasing the grooving height and grooving width weakened the initial exural sti ness during the crack stage, so the compressive strain was decreased; however, during the failure stage, the bars bear the loading, and the stone slab was continually compressed; it leads to the increase of compressive strain.
Compressive strain of GB-4, GB-5, and GB-6 with the increase of reinforcement ratios from 0.254%, 0.449%, to 0.629% (Figure 36(c) ) increased. During the cracking stage, the increase of the reinforcement ratios had a greater compressive strain than GB-1. During the failure stage, the increase of the reinforcement ratios had a greater compressive strain than GB-1.
e main reason was that increasing the reinforcement ratios led to increase of the grooving dimension further weakens the initial exural sti ness during crack stage, so the compressive strain was decreased; however, during the failure stage, the bars bore the loading, and the stone slab was continually compressed; it leads to the increase of compressive strain. e increase in reinforcement ratios in strengthening the stone slab caused the magnitude of strains to increase signi cantly. However, with the increase of the reinforcement ratio, the development of compressive strain was delayed (Figure 36(c) ). Meanwhile, combined with the failure mode of GB-4, GB-5, and GB-6 ( Figures 22, 24 , and 26), this illustrated that with the increase of reinforcement ratios, the compressive strength of the stone slab can be fully utilized, and the ductility was improved.
Compressive strain of CB-1, CB-2, and CB-3 ( Figure 36(d) ) with the increase of the reinforcement ratios (CFRP) from 0.101%, 0.151%, to 0.202% is similar to GB-4, GB-5, and GB-5, but the development of compressive strain had no obvious rules. is is caused by the initial defect of the stone slab. Table 10 shows the tension strain of the midsection, and the midsection tension zone's tensile strain during cracking attained maximum. After cracking, the stone's strain in the tension zone was rapidly decreasing and exiting working due to presence of cracking. Midsection tension strain of specimens whose reinforcement ratios (GB-5, GB-6, CB-2, and CB-3) were relatively high was higher than that of other specimens, but not attaining the ultimate tensile strain of stone materials. Increasing the reinforcement ratio may improve tensile strain of the stone slab. e reason was that the higher the reinforcement ratio, the larger the bond area; then the bonding action is stronger between the stone slab and steel bars or CFRP bars; and the integrity was very well.
e appearance of cracking can be delayed by the bonding action so that the tensile strain of stone materials can be fully utilized.
e e ect of the groove dimension on the tensile strain of stone slabs is obvious. Increasing the grooving height and width weakens the tension strain of the stone slab during the Advances in Materials Science and Engineeringcracking stage. However, during the failure stage, the tension strain of the stone slab depended on the cracking location. e tension strain was large when the cracking is away from the midspan (GB-1). e tension strain was small when the cracking is near the midspan (GB-1 and GB-3).
Sectional Strain Pro le of Stone Slabs.
Strain gauges were attached along the height of the stone slab at the midspan (Figure 13(b) ), and measured variation of sectional strain in the stone slab over the depth of slabs B-1, GB-1-6, and CB-1-3 at di erent load levels is presented in Figure 37 .
For B-1, the strain variation was linear at the commencement of loading (up to 10 kN) and the variation increases with higher load levels. Height of the neutral axis is 84 mm.
Neutral axis height of GB-1, GB-2, and GB-3 with the same ratio of reinforcement but di erent grooving dimension is, respectively, 85 mm, 85 mm, and 85 mm. Meanwhile, the strain deviation almost keeps invariant. So, the grooving dimensions have almost no e ect on the neutral height axis.
e neutral axis height of GB-4, GB-5, and GB-6 with the increase of the reinforcement ratio (steel reinforcements) from 0.254%, 0.449%, to 0.629% is, respectively, 88 mm, 78 mm, and 76 mm.
e neutral axis height decreases with the increase of the reinforcement ratio. Meanwhile, the strain deviation increases with the increase of the Advances in Materials Science and Engineeringreinforcement ratio. e main reason was that increasing the reinforcement ratio limits the crack height of the stone slab and increases the height of the compression region. e neutral axis height of CB-1, CB-2, and CB-3 with the increase of the reinforcement ratio from 0.101%, 0.151%, to 0.202% is, respectively, 87 mm, 85 mm, and 72 mm. e neutral axis height decreases with the increase of the reinforcement ratio. is is consistent with GB-4, GB-5, and GB-6. Meanwhile, the strain deviation increases with the increase of the reinforcement ratio. In the GB-5, the specimen shows the less transverse strain compared with GB-4 and GB-6, and the main reason was that the bars' slip displacement is not uniform.
Joint Work Characteristic of Steel Bars, CFRP Bars, and
Stone Slabs. From Figure 38 , it is shown that before cracking, the strain of screw-thread steels and stone slabs remained increased simultaneously, and the strain is almost the same.
is indicated that before cracking, steel bars, CFRP bars, and stone slabs can work together well. After crack, tensile strain of the stone slab in the tension zone of the specimens CB-3 and GB-3∼6 whose cracking location is close to the midspan was rapidly decreased. However, the strain of screw-thread steels and CFRP bars was rapidly increased. Except GB-1 and GB-2, the reason was that the debonding failure happened between steel bars and stone slabs. Tensile strain of the stone slab and screw-thread steels and CFRP bars in the tension zone of the specimens CB-1 and GB-1∼3 whose cracking location was away from the midspan rapidly decreased with the increasing of load. It is obvious that before cracking, the load was simultaneously borne by the stone slab and screw-thread steels and CFRP bars. After cracking, the loading was borne by only steel bars and CFRP bars which were located in the crack. e slip of steel bars and CFRP bars and splitting of the stone slab were found before exural failure. So, the common working performance of the stone slab and screw-thread steels and CFRP bars was very well.
e groove dimension, reinforcement ratios, and reinforcement type have little signi cant in uence on the joint working performance. However, we can nd that adopting the CFRP bars (CB-1 and CB-3) has a better joint working performance than screw-thread steels (GB-1, GB-2, and GB-3).
Strength Study.
In this section, we investigate the parameter's in uence including reinforcement ratios, reinforcement Advances in Materials Science and Engineeringmaterials, and groove dimensions on the cracking load, midspan cracking de ection, failure load, and midspan failure de ection.
e E ect of NSM Groove Dimensions (GB-1-3)
. e in uence of NSM groove dimensions on the NSM strengthening of the stone slab is presented in Figures 39-41. e same reinforcement ratios (GB-1-3) were used to investigate this e ect. e gure demonstrates that increasing groove height or groove width decreases the cracking load, midspan cracking de ection, and ultimate load. e main reason was that the section sti ness was weakened by grooving.
e E ect of NSM Reinforcement Amount on Strengthening (GB-4-6).
e in uence of NSM reinforcement ratios on the stone slab is presented in Figures 42-44. e gure demonstrates that increasing NSM reinforcement ratios increases the cracking load, midspan cracking deection, and ultimate load. e more the reinforcement ratios, the larger the improvement. CB-1, CB-2, and CB-3 have the same trend with GB-4-6 with the increase of reinforcement ratios.
e E ect of Type of NSM Reinforcement on Stone Slabs (CB-3 and GB-1).
e e ect of NSM reinforcement type on the performance by strengthening is presented in Figures  45-47 . e similar amount of reinforcement ratios (CB-1 and CB-3 for 0.254% and 0.202%) were used to investigate this e ect. e CFRP bars increase the ultimate load and midspan cracking de ection more than 114.7% and 11.5%, respectively, compared with the screw-thread steels due to higher tensile strength. us, it is necessary to use NSM CFRP bars to increase the ultimate load capacity of stone slabs. e results were similar to those in [30] .
Strength Calculation.
is section aimed at the exural progress of the stone slab with NSM screw-thread steels and FRP and established the mechanical model and then calculating the exural strength, cracking and ultimate strength. Meanwhile, this can be used as a guideline for future engineering application.
e Failure Mode and Cross-Sectional Stress Pro le of Stone Slab with Screw-read Steels and CFRP.
e failure mode of stone slabs with screw-thread and FRP can be Advances in Materials Science and Engineeringdivided into brittle failure mode and ductility failure mode according to reinforcement ratios. From the experiment phenomenon and moment midde ection curves, the obvious curve turning was observed from the moment middeection curves, and those turnings represented the appearance of the crack in the stone slab. Meanwhile, we can determine the crack strength and ultimate strength from the moment midde ection curves.
(1) e Flexural Failure Mode of Stone Slab with Screw-read Steels. When the reinforcement ratio is small, the failure mode of the stone slab with screw-thread steels is the brittle mode.
e brittle failure mode can be divided into two phases: elastic phase before cracking (A) and failure phase after cracking (B) (Figure 48(a) ). e cross-sectional stress pro le of the brittle mode is shown in Figure 49(a) . When the reinforcement ratio is large, the failure mode of the stone slab with screw-thread steels is a ductility failure mode, and the ductility failure mode can be divided into three phases: elastic phase before cracking (A), from the appearance of crack to yielding of screw-thread steels after cracking (B), and failure phase (C) (Figure 48(b) ).
e cross-sectional stress pro le is shown in Figure 49 (b).
(2) e Flexural Failure Mode of Stone Slab with CFRP. When the reinforcement ratio is small, the failure mode of the stone slab with CFRP is the brittle mode, and two phases of the brittle mode and the cross-sectional stress pro le of the brittle mode was the same as the stone slab with screwthread steels (Figures 48(a) and 49(a) ). When the reinforcement ratio is large, the failure mode of the stone slab with FRP is also the brittle failure mode, and the brittle failure mode can be divided into two phases: elastic phase before cracking and failure phase after cracking (Figure 50) . e cross-sectional stress pro le of the brittle mode is shown in Figure 51. 
e Flexural Capacity of Stone with NSM Screw-read Steels and CFRP
(1) Basic Assumptions. e following assumptions about the exural capacity of the stone slab with NSM screw-thread steels and CFRP were made:
(1) e strain distribution of the cross section for the stone slab with NSM screw-thread steels and CFRP satis ed the plane section assumptions before be obtained from the experimental results; meanwhile, the ultimate tensile strength of structural adhesives (f tj ) was achieved when the stone slab cracked. So, the height of the compression zone of the stone slab (X cr ) can be calculated according to (1) , as shown in Table 11 , and the cracking moment can be obtained by substitution of the height of the compression zone of the stone slab into (2), as shown in Table 12 . For the components GB-1∼4 which was in the brittle failure mode, the ultimate moment was much less than the cracking moment. Although the stone slab had a certain exural capacity after cracking, this part of strength cannot be utilized. So we assumed that the ultimate strength was equal to cracking strength for the brittle failure mode of GB-1∼4.
For the ductility failure mode, the stress pro le of the cross section is shown in Figure 53 .
According to the internal force equilibrium of the cross section, the ultimate moment of the stone slab with NSM screw-thread steels was calculated as follows:
where f cu is the ultimate compressive strength of the stone slab, M u is the ultimate moment, and x u is the ultimate height of the compressive zone of the stone slab. According to the steel's strain measured, the yield strength of the steels was achieved when the stone slab was destroyed, so the ultimate moment can be calculated according to the compressive height of cross section measured, as shown in Table 13 . Figure 52 : e strain and stress pro le of the cross section.
(b) Calculation of ultimate moment of stone slab with NSM CFRP bars
For the component which had a small reinforcement ratio (CB-1), the failure characteristic of CB-1 was similar to GB-1∼5. So, we assumed that the ultimate moment of CB-1 was equal to the cracking moment of CB-1. In the next section, we only calculated the ultimate moment of CB-2 and CB-3. e failure mode of CB-2∼3 was the brittle failure mode, and this was caused by the properties of the CFRP bar which has low elastic modulus and high strength. at is to say, once the stone slab with NSM CFRP was cracked, the ultimate strength was attained rapidly, and then the CFRP bars broke.
We assumed that when the stone slab with NSM CFRP bars failed, the ultimate strength of the stone slab in the compressive zone was achieved, and the stress of CFRP bars was obtained according to the measured value.
According to (5), we can calculate the ultimate strength, as shown in Table 14 .
Conclusions
e experimental study was conducted to investigate the exural performance of the stone slab strengthened with NSM screw-thread steels and CFRP bars.
e following conclusions were made for the experimental tests:
(1) e exural capacity and ductility of stone slab NSM screw-thread steels and FRP bars are obviously improved. Under the case of maximum reinforcement ratios, the crack load, failure load, and failure displacement of stone slab NSM screw-thread steels are increased, respectively, 10.9%, 167%, and 617% over the control slab. So, it is very e ective to improve the drawback which is brittle and weak ductility. (2) e e ect of the groove dimension on exural capacity is evident. As the groove height increases, the cracking load and midde ection of cracking decrease by 6.4% and 8.3% over the control slab, respectively; the failure load and midde ection of failure increase by 4.7% and 6.4% over the control slab, respectively. As the groove width increases, the cracking load and midde ection of cracking decrease by 8.3% and 14.18% over the control slab, respectively; the failure load and midde ection of failure increase by 20% and 41.2% over the control slab, respectively. (3) e e ect of reinforcement ratios on the exural capacity of the stone slab is obvious. e crack load, failure load, and failure de ection are increased obviously with the increase of reinforcement ratios. e joint work performance can be improved with the increase of reinforcement ratios. e strength of the stone material and steel bars of CFRP bars can be fully utilized by increasing reinforcement ratios. (4) e reinforcement ratio can control the failure mode. When the reinforcement ratios were low, the failure mode of the stone slab was brittle failure, and when the reinforcement ratios were high, the failure mode of the stone slab was ductility failure and thus multicracking was formed. is is similar to the failure mode of concrete member NSM steel bars. (5) From the point of view of strain for screw-thread steels, CFRP bars, and stone slabs, we can analyze the whole failure process, and a corresponding relationship is formed with the failure mode. (6) Before cracking, the stone slab with NSM screw-thread steels and CFRP bars satis ed plane section assumption. Neutral axis height is invariant under the case of changing the grooving dimension. e neutral axis decreases with the increase of reinforcement ratios. (7) Before cracking, the joint work performance is very well. After cracking, the stone slab exits work; the load is borne by screw-thread steels and CFRP bars; and the slip displacement generates between the stone slab, screw-thread steels, and CFRP bars. e slip displacement is very small. So, the joint work performance is still very great. 
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